Objective: Multiphoton autofluorescence microscopy (MPAM) has shown potential in identifying features that are directly related to tissue microstructural and biochemical changes throughout epithelial neoplasia. In this study, we evaluate the autofluorescence spectral characteristics of neoplastic epithelium in dysplasia and oral squamous cell carcinoma (OSCC) using multiphoton autofluorescence spectroscopy (MPAS) in an in vivo hamster model of oral neoplasia in order to identify unique signatures that could be used to delineate normal oral mucosa from neoplasia. Materials/Methods: A 9,10-dimethyl-1,2-benzanthracene (DMBA) hamster model of oral precancer and OSCC was used for in vivo MPAM and MPAS. Multiphoton Imaging and spectroscopy were performed with 780 nm excitation while a bandpass emission 450-650 nm was used for MPAM. Autofluorescence spectra was collected in the spectral window of 400-650 nm. Results: MPAS with fluorescence excitation at 780 nm revealed an overall red shift of a primary blue-green peak (480-520 nm) that is attributed to NADH and FAD. In the case of oral squamous cell carcinoma (OSCC) and some high-grade dysplasia an additional prominent peak at 635 nm, attributed to PpIX was observed. The fluorescence intensity at 635 nm and an intensity ratio of the primary blue-green peak versus 635 nm peak, showed statistically significant difference between control and neoplastic tissue. Discussion: Neoplastic transformation in the epithelium is known to alter the intracellular homeostasis of important tissue metabolites such as NADH, FAD, and PpIX, which was observed by MPAS in their native environment. A combination of deep tissue microscopy owing to higher penetration depth of multiphoton excitation and depth resolved spectroscopy could prove to be invaluable in identification of cytologic as well as biomolecular spectral characteristic of oral epithelial neoplasia. Lasers Surg. Med. 49:866-873, 2017.
INTRODUCTION
The current clinical approach to detect and diagnose oral epithelial dysplasia (OED) and oral squamous cell carcinoma (OSCC) uses conventional oral examination (COE) based on white light visualization followed by biopsy and histopathologic diagnosis of suspicious lesions [1, 2] . Accurate histopathologic diagnoses rely on several critical steps such as clinical information provided by COE, appropriate identification of biopsy sites and a pathologist's interpretation of biopsy results [2] . A recent meta-analysis of COE reported specificity of 31% with >90% sensitivity for high risk precancerous lesions, noting the difficulties in detecting subsurface abnormalities by COE [3, 4] . Additionally, histopathology, the current gold standard for diagnosis, is often limited by intra-observer, and inter-observer variations especially in cases of OED [5] . There remains need for methods that can augment the current clinical approach to identify OED and OSCC, potentially confirming subsurface features indicative of neoplasia for improved biopsy guidance or detection.
In recent years, multiphoton autofluorescence microscopy (MPAM) has emerged as a promising approach for detection of epithelial microstructural and biochemical alterations, imaging made possible by the inherent contrast from native biomolecules such as NADH, FAD, and collagen which show altered homeostasis during neoplasia. MPAM reveals depth-resolved cytologic and architectural features in multilayered tissues with similarities to conventional histopathology [6] [7] [8] [9] . MPAM also shows the potential for 3-dimensional visualization and analyses with the ability to uniquely visualize and quantify structures not easily seen in standard histology such as the 3D shape of the epithelial-connective tissue interface which is altered in early neoplasia [10] . Additionally, biochemical assessment in the form of redox potential can be performed using MPAM with isolation of fluorescence from the metabolic cofactors NADH and FAD [11, 12] . The ability to evaluate microstructural and biochemical features has made MPAM a valuable tool in cancer research and a promising method for translation, potentially providing noninvasive detection of neoplasia, as explored in skin [13, 14] and oral mucosa [15, 16] .
While further developments in instrumentation are needed to realize potential translation, there is also a need to further understand the spectral signatures arising from MPAM in neoplasia. For example, as indicated, previous MPAM studies examining the epithelium of oral and skin neoplasia have relied on emission from NADH and FAD (maximum emission $550 nm) but have not closely examined those at longer emission ranges, though traditional fluorescence spectroscopy indicate other potential fluorophores that may be altered with neoplasia including porphyrins having characteristic red emission [17] [18] [19] [20] . While traditional one-photon fluorescence spectroscopy based on autofluorescence has been widely studied in the context of neoplasia, there are few studies describing spectroscopic assessments with multiphoton excitation, and none previously reported in OSCC. An enhanced understanding of the spectral properties of the epithelium in oral neoplasia in multiphoton autofluorescence microscopy would be valuable to help maximize the potential benefits offered by the technology for both cancer imaging and translational uses.
An advantage of assessing the spectral features of epithelium with multiphoton autofluorescence spectroscopy (MPAS) over traditional one-photon fluorescence spectroscopy is the ability to obtain depth-resolved fluorescence to spatially localize spectroscopic signatures to the sub-cellular scale (femtoliter volume), as opposed to a tissue volume. High axial and lateral resolution of MPAS helps to better delineate the spatial origin of spectral contributors at the sub-cellular level. Progress in depth-resolved one-photon fluorescence spectroscopy has been made but do not reach the level of $1 mm axial resolution as nonlinear optical spectroscopy does [20] . One recent study in mouse skin reported the basic multiphoton spectral properties in hyperplasia and skin tumors, showing an increase in ratio of NADH/FAD, but also identifying a spectral peak at 570 nm attributed to lipofuscin associated with skin neoplasia [21] . No studies describing MPAS have been performed in the case of OSCC, however one multiphoton spectroscopic study of normal oral mucosa reported [7] a characteristic primary "blue-green" emission peak centered at 485-495 nm from the epithelium with 810 nm excitation. Another study examined characteristics of OED without inclusion of OSCC and limited only to blue-green emission under illumination with wavelengths ranging from 780 to 890 nm [22] . The latter study showed spectral peak shifts in OED relative to normal and a decrease in autofluorescence intensity and demonstrated spatially dependent measurement of redox parameters.
It would be of interest to determine the spectral characteristics of OSCC epithelium and determine if new features can be identified to delineate both OED and OSCC from normal oral mucosa. In doing so emission signatures beyond the spectral region expected for NADH and FAD (the primary focus of previous MPAM and MPAS studies) should be assessed. For example, an important metabolite that has not been detected in epithelial neoplasia using MPAS is protoporphyrin IX (PpIX). PpIX is a highly autofluorescent metabolic intermediate of the heme biosynthetic pathway, which is altered due to deregulation of mitochondrial metabolic pathway during development of neoplasia. Increased PpIX biosynthesis in neoplasia is characterized by a sharp peak centered at 635 nm [23, 24] when excited by blue light. PpIX has been reported to contribute to changes in autofluorescence with neoplasia, increasing in clinical OED and OSCC tissue as observed by traditional one-photon fluorescence [25, 26] . However, onephoton fluorescence spectroscopy did not allow for high resolution spatial (lateral or depth) localization of the fluorescence and origin of the increased PpIX fluorescence in oral neoplasia remains poorly understood. Depthresolved spectroscopy and sub-cellular localization of autofluorescence provided by MPAS could provide important information on the epithelial intracellular contributions of PpIX in addition to the traditionally studied metabolites of NADH and FAD. With cancer being increasingly recognized as a metabolic disease, the ability to extract information from epithelial metabolites could be useful in the development of strategies for detection of neoplasia using multiphoton methods.
The purpose of this proof-of-principle study was to evaluate the intracellular multiphoton spectroscopic characteristics of oral epithelium in OED and OSCC using MPAS in order to identify unique signatures that could be used to delineate normal oral mucosa from neoplasia. Studies were performed in the in vivo buccal epithelium of a hamster model for OED and OSCC. Characteristic features of the broad autofluorescence peak around 480-520 nm attributed to the metabolic cofactors NADH, FAD and an additional peak at 635 nm attributed to PpIX (visible only in neoplastic tissue) were evaluated and discussed here.
MATERIALS AND METHODS

Animal Model
All studies were approved by the Institutional Animal Care and Use Committee at the University of Texas Medical branch. A previously described [27, 28] hamster model of OED and OSCC was used in this study. This animal model shows biochemical and histopathologic features similar to human OED and OSCC [29, 30] . Neoplasia was induced by topical treatment of 9,10-dimethyl-1, 2-benzanthracene (DMBA; 0.5% in mineral oil) on the left cheek pouch of 4-week-old male Golden Syrian Hamsters (Harlan Laboratories, Indianapolis, IN; n ¼ 17) three times a week for 8-12 weeks. Control hamsters (n ¼ 5) were treated with mineral oil following the same method for the same period of time. The DMBA model at these time points demonstrated multiple lesions comprising varying stages of lesions having a keratinizing top layer and ranging from mild OED to OSCC as described previously [27, 31] . Animals were anesthetized with intraperitoneal injection of a mixture of 100-mg/kg ketamine and 2.5-mg/kg xylazine prior to spectroscopy and imaging. The left cheek pouch was stretched out, rinsed with PBS and attached on a flat surface using pins. Areas for microscopy and spectroscopy were selected based on visual inspection. Multiphoton imaging and spectroscopy from 21 control, 11 OED, and 10 OSCC sites were performed. Imaged sites were biopsied, fixed in 10% neutral buffered formalin, and H&E stained for histopathological grading.
Microscopy/Spectroscopy
A previously described custom-built MPAM system with an incorporated spectrometer was used for this study [22] . The system uses a Ti:Sapphire pulsed femtosecond ($100 fs, 82 MHz) laser (Tsunami, Spectra Physics, Santa Carla, CA) that is tunable within 700-1000 nm wavelength. MPAM was performed using a 10X, 0.3NA air objective (Plan-Neofluar) with a long working distance to locate sites for microscopy, while a 40 Â 1.2NA C-Apochromat water immersion objective was used for both multiphoton microscopy and spectroscopy. The average laser power for excitation was fixed at 24 mW and was controlled using a variable attenuator that utilizes a half wave plate and Glan-Thompson polarizer (Thorlabs, Newton, NJ). For microscopy, a cooled photomultiplier tube (PMT) (R6060, Hamamatsu, Japan) was used to capture 8-bit grey scale images with pixel dimension of 0.625 mm/pixel. The spectrometer contained a spectrograph (Acton Research Corporation, Spectra Pro 150) and a calibrated EM CCD (Newton, Andor, Ireland) for detection and recording of spectra. For each site, multiphoton fluorescence image was taken from the epithelium (30 mm depth). Multiphoton spectroscopy was performed on ROIs selected from cytoplasm in epithelial cells using 780 nm excitation and autofluorescence spectra were collected with a spectral resolution of 0.1 nm per pixel in the spectral window of 400-650 nm and an integration time of 10 seconds. The entrance slit separation was 0.25 mm for all measurements and a 300 g/mm grating was used. The system was calibrated using a Mercuryargon light source before experiments were performed. Spectral properties of all optical parts of the system were determined and used for correction of all emission spectra. Recorded spectra were background corrected and processed for removal of sharp spikes due to cosmic rays. A flat field correction was also performed for the wavelength dependence of the CCD camera using standard fluorophores. A translation mirror was used to direct fluorescence emission from sample to either the PMT for microscopy or the spectrometer.
Hisopathology
For histopathological grading, H&E stained sections were imaged using an Olympus IX71 inverted brightfield microscope with a 20X, 0.75 NA air objective. Grading was performed according to WHO criteria for oral premalignant and malignant lesions [32] . Mild, moderate, and severe OED were categorized into one OED group.
Data Analysis
Data was processed using codes written in Matlab. Single factor ANOVA followed by Tukey's post hoc test for P < 0.05 ( Ã ) and P < 0.01 ( ÃÃ ) was performed to assess statistical significance of intensity differences between groups.
RESULTS
Representative images from in vivo multiphoton autofluorescence microscopy (MPAM) of hamster oral epithelium are shown in Figure 1 for 780 nm excitation. Epithelial cells are visualized as dark ellipsoidal nuclei surrounded by bright cytoplasm (Fig. 1a " Ã " and "!", respectively). Moderate OED (Fig. 1b) and OSCC (Fig. 1c ) epithelium showed an overall nuclear enlargement (" Ã " in Fig. 1b) , nuclear and cellular pleomorphism with progression of neoplasia when compared with control epithelium (Fig. 1a) . Uniform organization of epithelial cells was seen in control epithelium while OED and OSCC was indicated by loss of cellular arrangement and atypical distribution of large and small nuclei in single image planes. The OSCC epithelium shows scattered bright signal (Fig. 1c "!") which is expected to originate from premature keratinization in undifferentiated epithelial cells. Images from MPAM were utilized to direct spectroscopic assessment and ROIs for MPAS were selected from clearly visible cytoplasm in the epithelium.
Spectroscopic features of autofluorescence emission from the epithelium of control (blue), OED (red and yellow) and OSCC (green) are shown in Figure 2 . Comparing these autofluorescence spectra it is evident that there are differences in spectral peak locations and intensities between control, OED and OSCC. Representative emission spectra recorded in the 400-650 nm spectral range indicates a broad peak centered around 480-520 nm for all three groups (Fig. 2a) of tissues. This blue-green peak is characteristic of cytoplasmic NADH and FAD autofluorescence and is typical for all epithelial tissues. Control epithelium showed one major peak in the blue-green spectral range and no further peak was seen at longer wavelengths. OED and OSCC showed less autofluorescence in the same spectral range compared to control spectra. To compare spectral shape characteristic, spectra from Figure 2a were normalized to their peak intensities and shown in Figure 2b . Normalized spectra showed an overall red shift of the main blue-green peak in OED and OSCC. In OED blue shifted spectra were also present, but the majority of samples were red shifted although the overall spectral line shape in the blue-green region stayed same for all three groups.
Apart from the peak shift in blue-green spectral range a new peak at 635 nm at the wavelength expected for Protoporphyrin IX (PpIX) was evident in OSCC and in some cases of OED. It is clear from Figure 2 that OSCC produces more autofluorescence than control at 635 nm (red peak), which is expected to arise from PpIX fluorescence. Although, there was a large variation in absolute intensity, it was the dominant peak in most OSCC epithelium. Two representative spectra of OED are shown in Figure 2 where one is highly fluorescent (red) in the PpIX region while the other one (yellow) showed marginally increased fluorescence than control in the same region. Nine out of 10 OSCC and 6 out of 11 OED tissues evaluated in this study showed this distinct secondary peak.
A histogram distribution of blue-green autofluorescence peak for all three pathological groups is shown in Figure 3 . As our data suggest there was a larger variation in peak distribution in OED and OSCC than in control (Fig. 3) . Also, for most OED and OSCC, blue-green peaks were shifted to longer central wavelengths than control. Median blue-green peak for OED and OSCC were 513 and 514.5 nm, respectively, while for control tissue the bluegreen peak was centered at 488 nm. Median peak location was used instead of average, since average peak was less reliable due to high within-group variance in OED and OSCC.
Peak intensity of all samples at 635 nm emission wavelength was calculated and compared as shown in Fig. 2 . In vivo multiphoton autofluorescence spectra obtained from control, OED and OSCC from epithelium of hamster oral mucosa using 780 nm excitation; (a) raw intensity profile showing comparison between control (blue), two representative OED (red and yellow) and OSCC (green) epithelium; (b) same spectra as in (a) normalized to their peak intensities. Fig. 3 . Distribution of autofluorescence peaks in the 456 to 545 nm ranges is shown for control, OED and OSCC. Histograms indicate most samples in the control (blue) group showed a blue-green peak in lower wavelengths while in OED (red) and OSCC (green) showed a wider distribution of the blue-green peak, which was often in the longer wavelengths than control. Figure 4a . OSCC showed statistically significant increase in peak intensity from control and OED. The standard deviation of 635 nm peak intensity in OSCC was also very high presumably because of heterogeneity in the tumor microenvironment. In order to quantify relative change in fluorescence between blue-green (480-520 nm) and red (635 nm) fluorescence a ratio parameter was introduced which is shown in Figure 4b . Since control tissue did not show the distinct secondary peak for PpIX, the blue-green/ red intensity ratio in control was significantly higher than OED and OSCC. The 635 nm peak intensity alone (Fig. 4a) was sufficient to allow for differentiation between OSCC and control tissue, but it was not sufficient to separate OED and control. However, when used in conjunction with the blue-green peak intensity (Blue-green/Red intensity ratio) (Fig. 4b ) discrimination between OED and control became greater and statistically significant.
DISCUSSION
This study used the optical sectioning ability of multiphoton fluorescence to reveal the spectroscopic characteristics of oral neoplastic epithelial cells within the native in vivo oral mucosa, with comparisons made to epithelium in normal oral mucosa. The origin of signals investigated were in the cytosol of epithelial cells and results indicated contributions arise from not only the metabolic cofactors NADH and FAD, but also (in the case of OED and OSCC) from PpIX. PpIX is a metabolite formerly studied in the context of one-photon fluorescence methods in which the intracellular origin was not isolated [33, 34] in vivo since contributors to the detected signal included volumes comprising many cells and in traditional spectroscopy cases, multiple epithelial cell layers. NADH and FAD have been the primary fluorophores targeted in previous multiphoton autofluorescence imaging and spectroscopy studies, but PpIX has not previously been evaluated by multiphoton fluorescence methods [7, 11, 21, 22] . Thus, the finding of an in vivo intracellular contribution from PpIX shown by multiphoton spectroscopy is new. Further, analysis of MPAS based autofluorescence spectra revealed the potential to delineate normal oral mucosa from OED and OSCC, indicating MPAS could be useful in revealing spectroscopic anomalies in a detection approach for treatable OEDs and OSCC.
Observed spectroscopic changes included differences in intensities of fluorescence from the three metabolites identified as well as spectral shifts in the NADH/FAD band in which the wavelength of the main emission peak changed between control, OED and OSCC epithelium. The blue-green spectral region spanning emission $450-575 nm is relevant in cancer, increasingly recognized as a metabolic disorder, since the major contributors for autofluorescence in this window are the endogenous metabolic cofactors NADH and FAD [22, 35] . Changes in this region can serve as an indication of altered metabolic status in OED and OSCC. As shown, excitation at 780 nm the overall autofluorescence intensity of epithelial cells in the blue-green spectral region was less in neoplastic tissue than control. This particular finding is not surprising as multiphoton spectroscopy in skin SCC and oral OED indicated decreased fluorescence intensity in a similar blue-green spectral window [21, 22] . Further this is consistent with the literature involving traditional onephoton fluorescence spectroscopy and imaging of oral cancer [18, 25, 34, 36, 37] . What the methods used in this study contribute, is that multiphoton spectroscopy ensures collection of spectral information isolated to a thin optical plane, thus allowing spectral contributions to be isolated to single epithelial cells within the in vivo intact oral mucosa. The ability to induce excitation of fluorophores using nearinfrared light at a $1 mm thick optical section, helps eliminate decreases in detected signals arising from factors such as remodeling of the extracellular matrix which occurs below the plane of focus in the stroma and do not contribute to detected signals as they do in one-photon fluorescence spectroscopy [20] . Similarly, effects of blood vessels found below the plane of focus are not expected. A thickened keratinizing layer found in OED could affect intensity since it overlies the epithelium and lead to scattering of remitted emission photons. A recent MPAS study on mouse skin SCC reported difficulties in obtaining high resolution spectral information from depths beyond 48 mm [21] . However, high numerical aperture (NA) objectives such as the one used in our study (NA ¼ 1.2) is expected to collect autofluorescence signal more efficiently from deeper layers of the oral mucosa. In this study, epithelial cells were examined close to the surface and did not include highly thickened keratinized lesions, reducing scattering effect, and isolating signals to those of the epithelial cells. Future studies should examine lesions with more highly keratinized layers. Another feature observed in autofluorescence spectra in this study is a shift of the blue-green peak to longer wavelengths in OED and OSCC. Similar red shift in OSCC was also reported in one-photon autofluorescence spectroscopy for multiple excitation wavelengths ranging from 330 to 470 nm [20, 33] . However, these studies did not evaluate peak shifts in OED. Although in our study median peaks in OED and OSCC were red shifted with respect to control, average peak for OED did not show significant red shift from control. In a previous study, our group reported a blue shift of the primary blue-green peak in moderate and severe OED [22] , rather than the red shift seen in OSCC and in some cases of OED. The varying direction of spectral shift may be a consequence of metabolic deregulation in neoplasia such as shifts to higher or lower redox potential (higher NADH relative to FAD in higher redox potential) in various microenvironments (e.g., hypoxia, nutrient availability). Another scenario that may result in shifts to longer wavelengths could be a thickened keratinizing layer with increased scattering from keratin [38] . Additional studies examining the factors noted above including degree of hyperkeratinization, degree and direction of spectral shifts and contribution of NADH and FAD in epithelial autofluorescence spectra is required to further understand the noted shifts.
A significant finding in this MPAS study was a sharp peak at 635 nm which was present in all OSCC while only a subpopulation of OED revealed such a peak. We attribute the peak at 635 nm to be from PpIX-and more specifically being the intracellular contribution of PpIX. This peak matches the expected wavelength and shape of PpIX fluorescence, reported extensively in the literature for onephoton autofluorescence spectroscopic detection of oral neoplasia [25, 33, 39] . A secondary peak at 705 nm was not detected in the optical setup with optical components in this system blocking detection of fluorescecnce above 650 nm. PpIX fluorescence has not previously been reported by the method of multiphoton imaging or spectroscopy. In the past, increased fluorescence in red spectral region typically within 630-640 nm has been observed in OSCC [18, 20, 25] with one-photon excitation at 405 or 410 nm. De Veld et al. [25] showed the presence of a peak at 638 nm in the center of tumors but not in the periphery where tissues were dysplastic or benign [40] . In some studies, PpIX fluorescence in tumors from animals and humans has been attributed to be of bacterial origin, while in others it has been suggested to be an endogenous origin [18, 41] . Further, PpIX attributed to an endogenous contribution, has been shown to change in oral cancer [23, 42, 43] .
Since PpIX is a critical metabolite involved in the heme biosynthetic pathway, and produced in mitochondria of epithelial cells [44] , it is expected that alterations in this fluorophore should occur with neoplasia. PpIX is produced during heme biosynthesis, a process negatively correlated with mitochondrial metabolism such as tricarboxylic acid (TCA) cycle and oxidative phosphorylation [45] . As mitochondrial metabolism is affected by the oxygen tension (hypoxia) across a tumor microenvironment, PpIX biosynthesis is also affected during neoplastic development [46] . The method employed in this study ensured signals obtained from the 635 nm peak attributed to PpIX arise specifically from the cytosol of neoplastic epithelial cells, providing a way to show that changes in this peak arise from endogenous alterations in metabolic functions. As discussed below, a further implication is that since PpIX plays a role in tissue metabolism, this opens up studies for examining metabolic alterations based on an additional metabolite to NADH and FAD. The intracellular origin of PpIX fluorescence can be further investigated employing methods of cell and molecular biology to isolate neoplastic cells from OED and OSCC sites and PpIX detected by flow cytometry.
The contributors to spectra in this study are attributed to NADH, FAD, and PpIX. These are important metabolites that can be altered in the neoplastic microenvironment. In tumors energy production primarily relies on glycolysis (Warburg effect) which is facilitated by a hypoxic microenvironment [47] . In mild/moderate hypoxic tumor microenvironment with upregulated glycolysis, more energy efficient mitochondrial metabolic processes are downregulated [48] . Thus, neoplastic cells show increased levels of NADH leading to a loss of the tight regulation of NADH/FAD balance altering the autofluorescence spectra. Hypoxia induced downregulation of mitochondrial energy production leads to activation of heme biosynthesis and hence elevated levels of PpIX to avoid accumulation of metabolic intermediates [45] . The complex architecture of tumor microenvironment however does not allow for a uniform oxygen tension across the tumor mass [48] . The dynamic nature of angiogenic blood vessels creates areas of mild, severe or acute hypoxia as well as areas of high oxygen availability [49] . Depending on the degree of hypoxia neoplastic tissues might be severely deprived of nutrients leading to downregulation of glycolysis and activation of mitochondrial metabolism through glutamine metabolic pathway [50] . Activation of mitochondrial metabolism also leads to reduced heme and thus PpIX biosynthesis because of the limited oxygen availability in a severe hypoxic or anoxic condition [46] . Therefore, the regulation of PpIX biosynthesis is altered in neoplasia and the relative amount of intracellular NADH, FAD and PpIX could indicate the hypoxic nature, and a heterogeneous tumor microenvironment. Understanding the variations in autofluorescence spectral contributions from NADH, FAD, and PpIX using MPAS could be helpful to in vivo layer resolved studies of tumor microenvironment and should be explored in context of full mucosal assessment.
MPAS based autofluorescence spectroscopy enabled delineation of normal from neoplastic oral mucosa and could be assessed together with additional detection methods. Fiber based MPAM systems are currently being developed and tested for deep tissue in vivo imaging with the goal of potential translation in to clinic [51, 52] . Portable MPAM systems have shown potential for imaging and detecting cytologic and architectural features with one commercially available system showing feasibility for in vivo human skin imaging [53] , however, there is no known fiber based MPAS system that can be readily applied in human subjects. Spectroscopic features identified by multiphoton excitation could provide additional metabolic information to previously established MPAM based cytologic and microstructural assessment of neoplasia. Development of multiphoton fluorescence based endoscopic probes for use in human oral cavity would ensure further testing of these optical signatures in a clinical setting. While no systems exist yet for the oral cavity, continuing efforts have opened new avenues for development of fiber based MPAM-MPAS systems suitable for oral cavity imaging for noninvasive detection of neoplasia.
In conclusion, this study describes assessment of MPAS characteristic features for characterization of intracellular spectroscopic signatures that could be used in the detection oral epithelial neoplasia. PpIX fluorescence at 635 nm and the blue-green versus red intensity ratio were identified as spectroscopic signatures of neoplasia from MPAS. Additionally, the PpIX fluorescence was identified in the cytoplasm of neoplastic epithelial cells indicating an endogenous origin of this fluorophore. Further assessment of the balance of NADH, FAD, and PpIX under different tumor microenvironment may inform as to the alterations in metabolic processes that aid in the progression of neoplasia. Characterization of spectral properties for OED and OSCC epithelium using multiphoton excitation may serve as a platform for future studies combining MPAM and MPAS for multimodal detection of epithelial neoplasia.
